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Abstract—Experiments involving boron co-precipitation with calcite have been carried out inorganically
under controlled pH conditions (7.9 6 0.05, 8.3 6 0.05 and 8.6 6 0.05) to determine the dependence of the
boron isotopic composition (d11B) of calcite on the pH of seawater. Another purpose of these experiments was
to estimate the magnitude of the biogenic influence on the d11B value of foraminifera by comparing their
boron isotopic composition with that of the inorganic calcite over a common pH range. The results show a
clear relationship between d11B of inorganic calcite and the pH of artificial seawater. The variation of boron
isotopic fractionation between seawater and calcite with pH, estimated from these experiments, is similar to
that estimated for cultured O. universa and the theoretically predicted trend. The results also support the
hypothesis that B(OH)42 is the dominant species incorporated into the calcite structure. However, the boron
isotopic fractionation between seawater and inorganic calcite is lower than that estimated for O. universa
indicating the presence of a biogenic effect on the boron isotopic composition at least of this species of
foraminifera. Most importantly, the results imply that in spite of a small biogenic influence on the boron
isotopic composition of foraminifera, the variation in d11B of foraminiferal shells with pH (at least for O.
universa) is comparable to that for inorganic calcite, supporting the potential of this isotopic signature in
foraminifera as a reliable paleo pH proxy. Copyright © 2000 Elsevier Science Ltd
1. INTRODUCTION
Several studies have attempted to reconstruct past oceanic
pH using the boron isotopic composition (d11B) of foraminifera
(Pearson and Palmer, 1999; Palmer et al., 1998; Sanyal et al.,
1995; Sanyal et al., 1997; Spivack et al., 1993). These studies
have clearly shown that, if indeed the underlying assumptions
of the boron isotope paleo-pH proxies are true, then the vari-
ations in ocean pH, as measured by this technique, indicate
significant changes in the global carbon cycle, on both short
and long time scales.
The application of boron isotopes to paleo-pH determination
relies on a large predicted isotopic fractionation between the
two aqueous species of boron in seawater, B(OH)3 and
B(OH)42, and the pH dependence of their relative abundance.
As the relative proportion of these species changes with pH, so
also must their respective isotopic compositions (Fig. 1). It has
been assumed by most workers that a 20‰ fractionation be-
tween the two aqueous boron species, calculated by Kakihana
et al. (1977), is valid for the natural system and that only the
charged species (B(OH)42) is incorporated into carbonate min-
erals with insignificant fractionation during uptake (Hemming
et al., 1995; Hemming and Hanson, 1992). Furthermore it has
generally been assumed that there is no significant biogenic
effect on the boron isotopic composition of foraminifera. Based
on these assumptions, the calculated d11B vs. pH relationship
for the B(OH)42 species has been commonly used to directly
estimate the ocean pH from d11B of foraminifera and other
marine calcite (Pearson and Palmer, 1999; Palmer et al., 1998;
Hemming et al., 1998; Sanyal et al., 1995; Sanyal et al. 1997).
Recent interest in implementation of this tool highlights the
need to test the underlying assumptions of this proxy. For
example, even in the absence of a biogenic effect, there is no
certainty that the B(OH)42 vs. pH theoretical relationship accu-
rately depicts the boron isotope systematics for calcite. This
relationship can be tested by determining the fractionation
between seawater and inorganic calcite. In addition, laboratory
culture experiments indicate that biogenic carbonates precipi-
tate from a microenvironment that has significantly different
chemical and isotopic characteristics from that of bulk ocean
water (Spero and Lea, 1996; Spero and Lea, 1993; McCon-
naughey, 1989a,b). Sanyal et al. (1996) conducted a culture
study of the species O. universa and demonstrated a strong
control by ocean pH on the boron isotopic composition of this
species of foraminifera. However, biogenic effect on boron
isotopic composition cannot be ruled out for all species of
foraminifera. To accurately extract a paleo-pH signature from
foraminifera, the biogenic effect for any species of interest
must be quantified.
Here, we present results that assess the validity of the as-
sumptions underlying the boron isotope paleo-pH proxy. Our
calcite-boron coprecipitation experiments quantify the pH vs.
d11B relationship of inorganic calcite over a pH range covering
a significant portion of that seen in the modern and, probably,
ancient ocean pH (7.9–8.6). In addition, the results now allow
us to quantify the biogenic influence on d11B for the species O.
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universa, and we provide a reference curve against which the
biogenic influence of other species may be evaluated.
2. EXPERIMENTAL METHODS
Steady state calcite precipitation onto calcite seeds was carried out in
a pH-stat system using Mg free artificial seawater with an ionic strength
similar to that of natural seawater (I 5 0.7). The boron concentration
(74 ppm) in the artificial seawater was approximately 17 times that of
natural seawater (;4.5 ppm) in order to have adequate quantities of
boron in the samples for mass spectrometric analyses (approximately
2–3 ng of B is needed for each run).
The experiments were carried out at ambient laboratory temperature
in a 1L glass beaker that was sealed to prevent CO2 gas exchange and
stirred at a constant rate using a floating stir-bar to prevent seed
damage. The temperature fluctuations during the course of the exper-
iments (typically a few degrees or less) are thought to have minimal
effect compared to pH on isotopic fractionation between the two
aqueous species of boron as well as between the dissolved and ad-
sorbed species of boron (,0.5‰; Palmer et al., 1987; Kakihana et al.,
1977). The experiments were conducted at pH values of 7.9 6 0.05,
8.3 6 0.05 and 8.6 6 0.05, and duplicate experiments were carried out
at each pH value. The pH electrode was calibrated before every run
with NBS buffers for pH values of 4, 7 and 10. The reported errors are
based on the variation in the measured pH of standard buffers at the
start and end of the longest precipitation run (pH 5 7.9; ;24 h). Before
the start of each run, the pH of the artificial seawater was adjusted to
the desired level by adding acid/base (HCl/NaOH). The Ca concentra-
tion was also adjusted but nevertheless differences in saturation state
with respect to calcite resulted for the different pH solutions. However,
the supersaturation was never high enough to cause spontaneous pre-
cipitation in these metastable solutions during the experiments, and
calcite precipitation was triggered by adding calcite seeds (;200 mg,
B conc. ; 0.4 ppm) to the artificial seawater. The pH of the system was
monitored continuously throughout the experiment and maintained at a
constant value throughout the experiment by adding 12.5 mM Na2CO3
as a titrant via a computer controlled pH stat system. The amount of
calcite precipitated was estimated from the total amount of titrant
added. The experiment was terminated after precipitation of approxi-
mately 100 mg of calcite. The solution was filtered and the calcite
crystals were washed thoroughly in deionized water and dried. X-ray
diffraction analyses performed on the final seed material confirmed that
the overgrowth was calcite; no aragonite was detected. SEM images of
the product showed no evidence of secondary nucleation.
The d11B value of the inorganic calcite was determined by negative
thermal ionization mass spectrometry (NTIMS) following the proce-
dure developed by Hemming and Hanson (1994). Boron concentrations
in the calcite and that in the solution were determined by isotopic
dilution.
3. RESULTS AND DISCUSSION
3.1. Boron Isotopic Composition
The d11B values of the inorganic calcite precipitated at pH
7.9, 8.3, and 8.6 from artificial seawater are reported in Table
1 and shown in Figure 2a. The d11B of artificial seawater is
1.02 6 0.4‰ and is assumed to be constant during each run as
the amount of boron removed is too small to have any mea-
surable effect. The d11B values of precipitated inorganic calcite
increases systematically as pH increases, from ’ 219.2‰ at
pH 7.9 to ’ 213.7‰ at pH 8.6. Hence, these results strongly
support the fundamental assumption of using boron isotopes as
a paleo pH proxy, i.e., the boron isotopic fractionation between
calcite and seawater decreases with increasing pH.
The d11B vs. pH trend of inorganic calcite parallels the
isotopic curves of the two aqueous species calculated based on
;20‰ fractionation between B(OH)3 and B(OH)42 (Kakihana
et al., 1977). Also, the d11B vs. pH curve of inorganic calcite
lies much closer to that of B(OH)42, but slightly below it by
2–3‰ (Fig. 2b). The similarity between the d11B values of the
calcite and the B(OH)42 curve (just a 2–3‰ difference in
comparison to the ;20‰ difference between the B(OH)3 and
B(OH)42 curves) suggests that B(OH)42 is the dominant species
incorporated into calcite. This supports the conclusion of Hem-
ming and Hanson (1992) and Hemming et al. (1995), who
found that the boron isotopic compositions of biogenic marine
calcite and that of synthetic calcite coincide almost exactly with
the calculated B(OH)42 isotopic curve at pH 8. However, the
offset between the d11B vs. pH curve calculated for B(OH)42
species and that determined for inorganic calcite indicate that,
contrary to assumptions in most paleo-pH reconstructions, the
calculated B(OH)42 curve is not applicable to seawater-inor-
Fig. 1. Calculated relationship between pH and d11B of the two
dominant aqueous species of boron (B(OH)3 and B(OH)42)










Run 1 219.3 6 0.3 33.9 (;102)
Run 2 219.2 6 0.3 35.2 (;105)
8.3 ;12
Run 1 216.8 6 0.3 49.1 (;147)
Run 2 216.9 6 0.5 46.4 (;138)
8.6 ;3
Run 1 213.8 6 0.7 86.6 (;261)
Run 2 213.7 6 0.5 82.6 (;246)
a Errors are expressed at 2smean.
b Boron concentration in composite calcite (seeds 1 overgrowth).
Numbers in parentheses represent boron concentration in overgrowth
estimated based on the boron concentration in seeds (;0.4 ppm) and
amount of calcite overgrowth (;33%). Since the boron concentration
in the seeds is very low, the boron concentration in the overgrowth is
approximately three times that of composite calcite. Precision of iso-
topic dilution abundance measurements is 65%.
d11B (‰) 5 (Rs/Rstd 2 1)*1000, Rs 5 11B/10B of sample, Rstd 5
11B/10B of SRM 951 boric acid std.
Artificial Seawater 5 1.02 6 0.4‰.
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ganic calcite fractionation and hence cannot be directly applied
to determine pH from d11B of all marine calcite.
In trying to understand the boron isotope systematics in
calcite, it is also important to consider the influence of growth
rate on the boron isotopic fractionation between calcite and
seawater. In our experiments, it required approximately 24, 12,
and 3 h to precipitate 100 mg of calcite on 200 mg of seed at
pHs 7.9, 8.3, and 8.6, respectively, resulting in roughly a factor
of eight increase in growth rate from pH 7.9 to 8.6. Rapid
reactions involving isotope exchange, including crystallization,
may be susceptible to kinetic effects by preferentially fraction-
ating the lighter isotope into the reaction product (Turner,
1982). If any such kinetic fractionation affected our results for
inorganic calcite growth, it would be expected that, with in-
creasing growth rate and therefore increasing pH, the d11B
values would deviate increasingly from the trend parallel to the
B(OH)42 curve. As shown in Figure 2b, our values closely
parallel the calculated curve suggesting that the difference in
growth rates for our experiments had no discernible effect on
the isotope systematics. However, it is important to note that it
is difficult to accurately evaluate this aspect due to uncertainty
about the B(OH)42 curve that is applicable to seawater. This is
because the exact dissociation constant of boric acid in natural
seawater is not well known (Dickson, 1990; Lyman 1956).
Furthermore, it is not certain how applicable the calculated
isotopic fractionation between the two aqueous species of bo-
ron is to the natural system (Kakihana et al., 1977).
The difference between our curve for inorganic calcite and
the value determined by Hemming et al. (1995) at pH 8 is less
easily explained. As we noted, the d11B value of their inorgan-
ically precipitated calcite (;216.7‰) lies almost exactly on
the calculated B(OH)42 isotopic curve of Kakihana et al. (1977)
at pH 8. The d11B curve for our inorganic calcites parallels this
calculated B(OH)42 isotopic curve but lies 2–3‰ below it. A
possible explanation for this difference may lie in the experi-
mental methods used in each study. Hemming et al. (1995)
synthesized their calcite using a batch reactor based on the
modified free-drift method described by Gruzensky (1967), in
which the solution was not stirred. The pH was measured
periodically over the growth period of ;2 weeks. Vertical pH
gradients have been noted in similarly designed systems (e.g.,
Paquette and Reeder, 1995). Although the experimental system
used by Hemming et al. (1995) was not identical to that of
Paquette and Reeder (1995), it is possible that pH gradients
may have existed in the former study and could account for the
difference in boron isotopic compositions between the inor-
ganic calcites. In the present work, we used a pH-stat system in
which pH was monitored continuously throughout the experi-
ment. We believe pH gradients were unlikely in our rapidly
stirred, steady-state reactor.
3.2. Implications for d11B of Carbonates a pH Recorders
The usefulness and simplicity of the boron isotopic compo-
sition of foraminifera as a paleo pH tool depend on the relative
importance of biogenic and inorganic control on the d11B value
of foraminifera, yet there is not a clear understanding of the
biogenic influence on the boron isotope systematics in the
calcifying microenvironment. To estimate the magnitude of the
biogenic role in controlling the d11B of foraminifera we have
compared the seawater–O. universa fractionation (determined
from culture experiments, Sanyal et al., 1996) with the seawa-
ter–inorganic calcite fractionation. Figure 3 shows that there is
a constant offset of about 1‰ between these curves, with O.
universa isotopically lighter. This offset suggests the existence
of a minor biogenic influence on the boron isotopic composi-
tion of this species of foraminifera. Even with a biological
effect, however, there are two reasons to conclude that the d11B
values of foraminiferal carbonate are clearly related to seawater
pH. Firstly, the biologically induced contribution appears to be
a small component of the total fractionation between seawater
and calcite, about 1‰ out of a total fractionation of 16–20‰
over the pH range of our study. Secondly, the pH vs. d11B
curves are closely parallel for both inorganic calcite and bio-
genic calcite, suggesting that the existence of a minor biolog-
ical effect does not mask the effect induced by changing the
seawater pH. Any biological influence on the d11B value, such
as a change in the local pH due to a foram microenvironment,
does not conceal the effect of a change in the bulk seawater pH,
Fig. 2. (a) d11B of inorganic calcite precipitated under controlled lab
conditions at pH values of 7.9 6 0.05, 8.3 6 0.05, 8.6 6 0.05. Data are
plotted for two runs carried out at each pH value. Fig. 2b. Plot showing
the boron isotopic composition of inorganic calcite and the two aque-
ous species of boron with respect to boron isotopic composition of both
natural (39.5‰) and artificial seawater (1.02‰). A fractionation of
20‰ has been assumed between the two aqueous species based on
calculations by Kakihana et al. (1977).
1553pH control on boron isotopic composition of inorganic calcite
making the foraminifera shells (or, at least O. universa) poten-
tial paleo-pH recorders.
A similar biogenic effect on the boron isotopic composition
of foraminiferal shells has been identified in other species of
planktonic foraminifera, e.g., G. sacculifer (Sanyal et. al.,
1996). As for O. universa, the biologically induced isotopic
fractionation for G. sacculifer is a small component of the total
fractionation (;2‰; Fig. 3). However, comparative studies
based on culture experiments, similar to that carried out for O.
universa, are needed to confirm the robustness of this and other
potential species. In this regard it is also important to check for
any cultural artifact by comparing the boron isotopic compo-
sition of foraminifera cultured under ambient conditions with
that of coretop foraminifera of the same species.
3.2. Boron Co-precipitation Behavior
Although the boron coprecipitation behavior was not the
primary focus of our work, we comment briefly on the observed
trend. The concentration of boron coprecipitated in the calcite
overgrowths increased with solution pH, from ;100 ppm at pH
7.9 to ;250 ppm at pH 8.6 (Fig. 4). This observation is
consistent with that of Hobbs and Reardon (1999) in which
they estimated boron uptake in calcite over a pH range of
8.5–10.5. A rough comparison with the boron concentration of
O. universa (Sanyal et al., 1996) is possible if we adopt a
simplified distribution relation, Kd* 5 [B]cc/[B]sw, where [B]cc
and [B]sw are boron concentrations (in ppm) in calcium car-
bonate and seawater respectively. The Kd* values for O. uni-
versa over the pH range 7.7–8.6 (1.4–1.5) fall within the range
of values for inorganic calcite determined in the present work
(1.4–3.4).
As suggested by Hobbs and Reardon (1999), the cause for
the increased incorporation of boron at higher pH values could
be related to the change in boron speciation (Fig. 4). At pH 7.9,
the relative percentages of the species B(OH)3 and B(OH)42 are
91 and 9%, respectively; at pH 8.6 they are 68 and 32%. If
B(OH)42 is the dominant boron species incorporated into cal-
cite, as Hemming and Hanson (1992) suggested, this change in
speciation toward greater B(OH)42 at higher pH could explain
the greater amount of boron incorporated into calcite. This is
supported by the roughly parallel trends of boron concentration
in the overgrowths and the relative abundance curve for the
B(OH)42 species in Figure 4.
Although we believe that the increase in incorporated boron
with increasing pH can be explained largely by the change in
speciation, we cannot rule out the possibility that other factors,
including growth rate effects and surface charge of calcite
(Hobbs and Reardon 1999; Morse and Bender, 1990), may play
a role. Clearly, additional experiments would be necessary to
evaluate the coprecipitation behavior more fully.
4. CONCLUSIONS
Inorganic calcite co-precipitation experiments clearly show
that there is a strong control of pH on the d11B value of calcite.
Using this trend as a baseline for comparison with biogenic
calcite (O. universa), it can be inferred that the biogenic influ-
ence accounts for a small component of the entire fractionation
between seawater and foraminiferal calcite. Also the similar
d11B vs. pH trends for both inorganic and biogenic calcite
clearly show that the calcifying microenvironment, though
under biogenic influence, responds to changes in pH in the
ambient seawater, making the foraminiferal d11B value (of at
least the species O. universa) a seawater pH recorder. There is
also a clear dependence of boron concentration in calcite on the
pH of seawater.
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